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Experimental Investigation of t he  Electron-Phonon 
Interact ion i n  111-V Semiconductors 
-- Introduction 
1 A considerable amount of work has been done both experimentally 
and theoret ical ly* on the  interact ion of phonons with electrons i n  
so l ids .  
i n  metals. 
Much of t h e  work has centered on the  at tenuat ion of phonons 
In  recent years many workers3 have investigated both atten- 
uat ion and gain i n  semiconductors, par t icu lar ly  CdS. I n  CdS t h e  
electron-phonon in te rac t ion  i s  principally through the  piezoelectr ic  
e f f ec t ,  whereas i n  non-piezoelectric semiconductors t h e  in te rac t ion  i s  
pr incipal ly  through deformation potent ia l  coupling. 
4 Calculations made by Spector suggest t h a t  t h e  electron-phonon 
in te rac t ion  i n  non-piezoelectric semiconductors increases l inear ly  with 
frequency i n  t h e  high frequency region. This strong in te rac t ion  would 
produce a high attenuation of a phonon wave unless t he  electrons i n  the 
s o l i d  a re  moving i n  the  direct ion of t he  u l t rasonic  wave w i t h  a veloci ty  
exceeding t h a t  of t he  phonons. I n  t h i s  case the  attenuation would be 
negative giving a gain i n  phonon energy. There are,  however, other 
sources of attenuation besides t h e  electron-phonon interact ion.  Among 
these  are  sca t te r ing  from thermal phonons, impurity scat ter ing,  and 
This report  was prepared by the RIM Division, Martin-Marietta 
Corporation under contract  NAS 8-20012, "Study of Electron-Phonon 
In te rac t ion  i n  111-V Semiconductors" f o r  t h e  George C. Marshall Space 
F l igh t  Center of the National Aeronautics and Space Administration. 
The work was administered under the technical  d i rec t ion  of the  Research 
Pro jec ts  Laboratory, George C. Marshall Space Fl ight  Center with 
Mr. William J. Robinson act ing as project manager. 
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c r y s t a l  defect sca t te r ing .  
be measured i n  a material ,  the  corresponding gain which should occur 
when the  electron d r i f t  ve loc i ty  exceeds the  sonic veloci ty  might not 
be a s  high as expected on the  basis of the  electron-phonon in te rac t ion  
alone. 
Thus even though a high at tenuat ion might 
It i s  the  purpose of t h i s  research program t o  inves t iga te  
t h e  various sources of attenuation i n  1 1 1 - V  semiconductor c rys t a l s  
and t o  invest igate  under what conditions amplification i s  possible.  
I n  t h i s  f i r s t  quarter ly  progress report  we discuss the  experimental 
e f f o r t s  a t  obtaining at tenuat ion measurements i n  InSb a t  both 10 kmc 
and LO mc frequencies. 
1. 10 kmc Phonons --
A .  Crystal  4 
An Indium Antimonide single c rys t a l  of the highest  puri ty  
obtainable from Cominco Products, I n c . ,  was purchased and prepared 
fo r  a t tenuat ion measurements. The c r y s t a l  was an n type, boat-grown, 
zone ref ined c r y s t a l  (which we sha l l  r e f e r  t o  as  c r y s t a l  A) w i t h  a 
quoted c a r r i e r  concentrat ion, 
'e 
t i o n  of t he  (111) axis  of the c rys ta l  t o  w i t h i n  - + 2 O  using a back 
= 8.6 x lOI3 and mobility Ne 
5 2  = 5.7 x 10 cm (vol t  sec)-' a t  78°K. We determined the  orienta- 
r e f l ec t ion  Laue x-ray d i f f rac t ion  camera. Using an u l t rasonic  cu t t e r ,  
t h e  c rys t a l  was then cut i n t o  two 5/8" lengths wi th  t h e  cu ts  p a r a l l e l  
t o  t h e  (111) planes. These lengths of c rys t a l  were then cut i n t o  
a .  
I 
I 
I , . .  
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cy l indr ica l  rods 3 mm i n  diameter and 5/8" long again w i t h  the  u l t r a -  
sonic c u t t e r  maintaining the ,+ 2' accuracy of alignment between the  
(111) axis and the  rod axis .  
wax i n t o  3.2 mm 
th ick  g lass  disks.  
po l i sh  the  ends of t he  rods. 
used on the  d i sks  during the polishing operations t o  insure tha t  the 
end faces  of the  rods were held t o  within 6 seconds of paral le l ism 
which i s  equivalent t o  about 0.08 acoustic wavelengths i n  InSb . 
These rods were then mounted w i t h  seal ing 
diameter holes i n  the centers  of 2 inch diameter, 5/8" 
These d i sks  were then op t i ca l ly  polished so a s  t o  
Optical interferometer methods were 
The rods thus obtained from c rys t a l  A were t r ied f o r  acoust ic  
propagation of longi tudinal  waves a t  10 kmc by several  transducer 
methods. 
acoust ic  propagation through the  c rys ta l .  
t o  perform a l l  of these t e s t s  i s  i l l u s t r a t e d  schematically i n  Fig.  1. 
All t h e  experiments a re  done i n  l iqu id  helium i n  order t o  minimize 
losses  due t o  sca t t e r ing  from thermal phonons. 
pulsed var iable  frequency magnetron whose energy is  passed through 
a var iab le  a t tenuator  and then dawn a s t a i n l e s s  s t e e l  waveguide i n t o  
a tunable reentrant  cavi ty .  This cavity has a hole a t  the  post end 
a s  shown i n  Fig. 1 where an x-cut quartz rod i s  inser ted  t o  serve a s  
a p iezoe lec t r ic  transducer,  converting the  microwave electromagnetic 
energy i n t o  longi tudinal  acoustic waves i n  t he  quartz.  The acoust ic  
wave then t r ave l s  through the  quartz t o  the  quartz-InSb bond where 
some of the  acoust ic  energy is ref lected and some is  transmitted i n t o  
the  InSb. 
None of them were successful i n  obtaining any detectable 
The basic  equipment used 
The system uses a 
Another quartz rod i s  attached t o  the other end of the  
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InSb and inser ted  i n t o  another i den t i ca l  reentrant  resonant cavity t o  
convert the  acoustic wave by t h e  inverse p iezoe lec t r ic  e f f ec t  i n t o  a 
detectable microwave s ignal .  A superheterodyne receiver  system i s  used 
t o  detect  t h i s  s igna l .  It can a l s o  be switched over t o  one arm of a 
f e r r i t e  core c i r cu la to r  on the  input waveguide t o  detect  the s igna ls  
which correspond t o  acoustic waves r e f l ec t ed  back t o  the  t ransmit t ing 
cavi ty .  A standard s ignal  generator is  a l s o  f ed  i n t o  the receiver  i n  
order t o  ca l ib ra t e  t he  detected signal s t rengths .  
The first method attempted involved the  use of two quartz 
transducers on e i t h e r  end of t he  InSb rod. 
had been found very successful for ul t rasonic  propagation i n  bonding 
t e s t s  between two quartz rods ( resu l t ing  i n  nearly loss less  bonds) 
consisted of pressing the  two polished surfaces together without any 
bonding agent between the  surfaces but w i t h  a r ing  of Epoxy cement 
around the  j o i n t  as i l l u s t r a t e d  i n  Fig.  2a. This f a i l e d  i n  bonding 
quarto t o  InSb s ince the  differences i n  coef f ic ien ts  of expansion 
caused the  InSb t o  break each time. 
A method of bonding which 
* 
The second method involved an attempt t o  overcome t h i s  
d i f f i c u l t y .  A s  i s  shown i n  Fig.  2b, a frame of Titanium was constructed 
such t h a t  it w a s  glued to t he  sides of the quartz transducers but not 
t o  the  InSb. The frame was glued on while the  quartz transducers were 
held onto the  InSb under pressure. The choice of Titanium l a y  i n  the  
f a c t  t h a t  i ts  coeff ic ient  of expansion l i e s  between t h a t  of quartz ( i n  
t h e  x-direction) and InSb. Thus by adjust ing the  length of t he  Titanium 
~ 
* Hysol Epoxy Patch K i t .  
. 
Epoxy Cement 
quartz InSb 
(a) Epoxy around joint but not between surfaces. 
(b) Titanium frame holds rods together with no 
epoxy between the rod surfaces. 
‘- 
Epoxy Cement 
quartz 9 4 InSb 
(c)  Epoxy between the surfaces. . 
Fig.2 TRANSDUCER BONDING METHODS 
frame re l a t ive  t o  the  InSb and the quartz it i s  possible t o  match the  
t o t a l  contractions of t he  frame and the  rods. No transmission of 
ul t rasonic  waves through t h e  InSb c rys t a l  was observed i n  t h i s  t e s t  
although the  equipment was working qui te  well .  
a whole series of re f lec ted  echoes from the  transmitt ing cavi ty  indica- 
t i n g  t h a t  everything was working properly on up t o  the  quartz-InSb 
in te r face .  Similarly the  receiving cavity was switched over t o  serve 
as  transmitt ing cavity and similarly a s e r i e s  of echoes was observed 
although no transmitted pulses were detected. Thus the  sound was 
highly attenuated e i t h e r  i n  the bonds o r  i n  the InSb i t s e l f .  The 
sens i t i v i ty  of the system i s  such tha t  t h i s  represents a minimum 
at tenuat ion of 40 db i n  the  InSb and/or bonds. 
The receiver detected 
The t h i r d  method consisted of straightforward bonding of InSb 
t o  quartz using a very t h i n  f i l m  of Epoxy Cement between the surfaces 
as  i l l u s t r a t e d  i n  Fig. 2c. This method has a l so  proved successful 
for  near l o s s l e s s  transmission of 10 kmc phonons i n  bonding tests w i t h  
two quartz rods (Fig. 3 ) .  
second method and again no acoustic transmission was observed through 
InSb . 
The same procedure was followed a s  i n  the 
The fourth method amounted t o  simply inser t ing  the  InSb 
rod d i r ec t ly  i n t o  the reentrant cavity, doing away with both quartz 
transducers. This attempt was based on the poss ib i l i ty  t h a t  t h e  
piezoelectr ic  coeff ic ient  of InSb would be large enough t h a t  it could 
act as i t s  own transducer. This has the  advantage of not involving 
any bonding problems. However, even though InSb lacks a center  of 
A B 
Transit time of the sound waves in the quartz crystals 
a =2.6 microseconds 
b =2.2 microseconds 
I 
1 
I I  I l l  I I  
8 7  654 3 2  
TIME SCALE 2psec/cm 
I 
1 
I I I  I I  
654 3 2  
TIME SCALE 2psecIcm 
Transmit and receive 
at B end II I 
1. 2b = 4.4psec 
2. 4 b  = 8.8psec 
3. 2b + 2a = 9.6psec 
4. 6 b  =13.3psec 
5. 4 b +  2a =14.0psec 
6. 2 b + 4 a  =14.8psec 
7. 8 b  = 17.6psec 
8. 6b + 2a = 18.4psec 
II II Transmit into B end 
Receive at "A' end 
1. b +  a = 4 .8psec 
2. 3b + a = 9.2psec 
3. b + 3a = 10.0psec 
4. 5 b +  a =13.6psec 
5. 3 b + 3 a  =14.4psec 
6. b + 5a = 15.2psec 
NOTE: The starting time of both traces does not show. 
The trailing edge thot shows in both pictures is the 
trailing edge of the leakage pulse from the transmittec 
SOUND WAVE ECHOES IN BONDED QUARTZ CRYSTALS 
Fig .  3 
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4' 
inversion symmetry and is therefore expected t o  be piezoelectr ic ,  t he  
binding i s  largely covalent and one expects the p iezoe lec t r ic  coef f ic ien t  
t o  be small. 
observed i n  t h i s  t e s t .  
No transmission or  re f lec t ion  of acoust ic  waves was 
The lack of a detectable t ransmit ted s igna l  i n  the second 
and t h i r d  methods l e d  us t o  suspect t ha t  perhaps the  bonds were not 
a t  f a u l t  but t h a t  the s igna l  was highly at tenuated i n  the InSb. In  
order t o  be s a t i s f i e d  t h a t  we were not suf fe r ing  ser iously from off 
ax is  propagation5 due t o  poor alignment of t he  (111) axis  and the 
polished surface normal (+ - 2'), we decided t o  make a b e t t e r  alignment. 
We therefore  obtained another boat grown InSb c rys t a l  re fe r red  t o  a s  
c r y s t a l  B which had a quoted car r ie r  concentration, Ne = 8.4 x 
and mobili ty p = 5.0 x 10 5 2  cm ( v o l t  sec) - l  a t  78OK.  e 
The method used t o  obtain b e t t e r  alignment involved the  
use of a precision x-ray spectrogonimeter shown i n  Fig. 4. 
were collimated onto the  end of the InSb rod and the  detector  collimator 
was ro ta ted  t o  t h e  correct  posit ion t o  pick up t h e  f irst  Bragg angle 
sca t t e r ing  of t h e  copper Ka l i n e  from (111) planes i n  InSb. 
meter holding the  c r y s t a l  was then ro t a t ed  through i ts  two degrees of 
freedom t o  maximize the  x-ray counts i n  the  geiger tube. 
t h e  (111) axis  a s  the b i sec t e r  of the  source and detector  coll imator 
angle.  Then the  x-ray tube was removed from i t s  locat ion behind the  
The x-rays 
u
The gonio- 
Th i s  es tabl ished 
Fig. 4 - X-ray spectrogoniometer with c r y s t a l  i n  place. 
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source coll imator and replaced by a l i g h t  source. A photomultiplier 
tube was placed behind the  detector coll imator instead of the geiger 
tube. The c r y s t a l  goniometer was again ro ta ted  through i t s  two 
degrees of freedom u n t i l  the  l i gh t  co l lec ted  from specular r e f l ec t ion  
from the polished surface was a max imum.  The differences between the  
two s e t s  of readings on the  c rys ta l  goniometer represented the  angular 
deviation, 6, between the  (111) axis and the surface normal. 
The InSb rod w i t h  i ts  glass d i sc  was then removed from the  
spectrogoniometer and repolished t o  remove t h i s  angular difference.  
The e n t i r e  process was again repeated u n t i l  6 was less then 3 minutes 
of a r c .  
described e a r l i e r  using op t i ca l  interference t o  make the  reverse end 
Fina l ly  the  reverse end of t h e  rod was polished by the  method 
p a r a l l e l  t o  t h e  other  end t o  within 6 seconds of a r c .  
Two t e s t s  of c rys t a l  B using the t h i r d  transducer method 
described f o r  c r y s t a l  A were performed w i t h  equally negative r e s u l t s .  
I n  t he  second t e s t  a voltage pulse was applied across the  InSb during 
the microwave pulse i n  the hope of amplifying any s igna l  i f  it were 
present.  I n  order t o  expect any amplification the electron d r i f t  
ve loc i ty ,  vD, produced by the  applied voltage pulse must exceed t h e  
sonic ve loc i ty  v i n  InSb. Since v = 3.88 x 10 cm/sec i n  InSb 5 6 S S 
we attempted t o  apply a voltage pulse such t h a t  v = 2vs = 7.76 x 10 5 
D 
cm/sec. 
a t  48K. 
Hal l  coef f ic ien t  changes very l i t t l e  from 78OK t o  hoK and the conductivity 
To estimate the  voltage required we must obtain t h e  mobility 
According t o  data presented by H i l s u m  and Rose Innes’, the  
goes down by a f ac to r  of 3 3 .  Thus t he  mobility should go dawn by the  
4 same fac to r  and we would expect therefore a mobility I-I = 1.5 x 10 
cm2 (vo l t  sec)-' a t  4°K. Thus E = v /p 
45 v o l t s  across a sample 0.86 cm long. 
yielding a resis tance of 60n. f o r  the 3 mm d ia  rod. 
not agree with the  values which we obtained when we applied pulses t o  
t h e  c rys t a l .  
res i s tance  of about 100,000n (which was not present i n  the  range 
77'K - 3 O O O K ) .  
dawn and the  res i s tance  dropped t o  1 ohm such t h a t  up t o  80 v o l t s  t h e  
res i s tance  remained a t  t h i s  value. The leads had been soldered w i t h  
pure Indium using ruby f l u x  after cleaning the  contact area w i t h  f i n e  
sandpaper. 
e 
= 52 volts/cm requiring about 
The r e s i s t i v i t y  would be 4.9 Gcm 
o e  
These values do 
With pulses beluw 10 v o l t s  there  was an apparent contact 
Hawever above 10 vol t s  t h i s  contact res is tance broke 
The above mentioned experiments have l e f t  a number of 
unanswered questions which we a re  attempting t o  understand. 
The success of the  bonding techniques w i t h  quartz t o  quartz 
bonds leads us t o  suspect that  the lack of observed acoustic propagation 
i n  InSb i s  cha rac t e r i s t i c  of t he  InSb i n  some way. 
a r i s e s  t h a t  there  i s  considerable sca t te r ing  from grown-in dis locat ions.  
Therefore we examined samples from c rys t a l  B f o r  dis locat ions.  
was done using a standard etchant solut ion,  CP4A (3 pa r t s  48% HF, 
5 par t s  681 HNO 
was long enough t o  e tch away completely any surface dis locat ions 
a r i s i n g  from abrasion, showing only the  grown-in dis locat ion etch p i t s .  
The poss ib i l i ty  
Th i s  
and 3 p a r t s  g lac ia l  CH GOOH) f o r  10 seconds. This 3 3 
A density of 10 6 2  /cm was observed (Fig.  5a ) .  
6 2  a - Crystal  B, 10 / cm 
2 b - Crystal  C, 43/cm 
Fig.  5 - Dislocation etch p i t s  produced i n  InSb c rys t a l s  using CPbA 
etchant f o r  10 secs. Magnification 625x. 
- 9- 
C.  Crystal  C --- - 
Although it possible t o  zone r e f ine  a boat-grown c r y s t a l  t o  
a higher pur i ty  than a pul led c rys t a l  t h e  boat-grown c r y s t a l  tends t o  
have a much higher dis locat ion density. It was therefore  decided t o  
obtain a c rys t a l  which was gruwn by the Czochralski pul l ing method. 
This c rys t a l  w i l l  be re fer red  t o  as c r y s t a l  C .  
values of N = 3.5 x lOl4 and p = 5 x 10 a t  78°K. The same etchant 
was used f o r  LO seconds on c rys t a l  C as on c rys t a l  B and the  photo of 
some of t he  resu l tan t  etch p i t s  i s  shown i n  Fig. 5b. The density 
measured was 45/cm . If the  high at tenuat ion was due t o  the  high 
dis locat ion density, then t h i s  c rys ta l  should be much b e t t e r .  This 
c r y s t a l  i s  being cut,  al igned and polished i n  the same manner as 
c r y s t a l  B and the same tests w i l l  be performed. 
Crystal  C had quoted 
5 
e e 
2 
I n  order t o  b e t t e r  understand what was happening a t  4'K 
when a voltage pulse was applied, measurements of t h e  H a l l  coeff ic ient  
and r e s i s t i v i t y  w i l l  be made i n  l iqu id  helium. These measurements 
were made here a t  300°K and a t  77OK but the  high contact res i s tances  
a t  4OK made the  measurements meaningless a t  t h a t  temperature. 
u l t rasonic  soldering i ron  i s  being purchased i n  order t o  make b e t t e r  
ohmic contacts for these measurements. 
An 
- 10- 
2. 10 mc Phonons 
I -  
Equipment has now been se t  up f o r  measurements of propagation 
of longi tudinal  waves i n  InSb. Preliminary measurements have been 
made a t  300'K showing an attenuation of 0.54 db/cm i n  c rys t a l  C. 
attempt was made t o  measure the attenuation a t  77oK but the transducer 
bond broke before any measurement could be made. 
evident before the  bond broke, tha t  the  at tenuat ion was much l e s s  than 
a t  300'K. 
An 
However, it was 
No re-run had been made before t h e  wri t ing of t h i s  report .  
Preparations a re  under way t o  apply a voltage across the  
InSb during the  10 mc pulse t o  look for changes i n  attenuation w i t h  
voltage.  
measurements w i l l  be given i n  the  next quarter ly  progress repor t .  
A complete description of t he  equipment used fo r  these 
' *  ' I ,  
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Experimental Investigation of t h e  Electron-Phonon 
Interact ion i n  111-V Semiconductors 
-- Introduction 
1 A considerable amount of work has been done both experimentally 
2 and theore t ica l ly  on the  interact ion of phonons with electrons i n  
so l ids .  
i n  metals. 
Much of the  work has centered on the  attenuation of phonons 
I n  recent years many workers3 have investigated both atten- 
uation and gain i n  semiconductors, par t icu lar ly  C d S .  I n  CdS t he  
electron-phonon interact ion i s  pr incipal ly  through the  piezoelectr ic  
e f f ec t ,  whereas i n  non-piezoelectric semiconductors t h e  in te rac t ion  i s  
pr inc ipa l ly  through deformation potent ia l  coupling. 
4 Calculations made by Spector suggest t h a t  t he  electron-phonon 
in te rac t ion  i n  non-piezoelectric semiconductors increases l i nea r ly  w i t h  
frequency i n  the  high frequency region. This strong interact ion would 
produce a high attenuation of a phonon wave unless t he  electrons i n  the  
s o l i d  a re  moving i n  the  direct ion of t h e  ul t rasonic  wave with a veloci ty  
exceeding tha t  of t h e  phonons. I n  t h i s  case the  attenuation would be 
negative giving a gain i n  phonon energy. There are, however, other 
sources of a t tenuat ion besides the electron-phonon in te rac t ion .  Among 
these a re  sca t te r ing  from thermal phonons, impurity scat ter ing,  and 
This report  was prepared by the RIAS Division, Martin-Marietta 
Corporation under contract  NAS 8-20012, "Study of Electron-Phonon 
In te rac t ion  i n  111-V Semiconductors" f o r  t he  George C. Marshall Space 
F l igh t  Center of the  National Aeronautics and Space Administration. 
The work was administered under the technical  d i rec t ion  of t he  Research 
Pro jec ts  Laboratory, George C. Marshall Space Fl ight  Center with 
M r .  W i l l i a m  J .  Robinson act ing as project  manager. 
c r y s t a l  defect sca t te r ing .  
be measured i n  a material ,  t he  corresponding gain which should occur 
when the  electron d r i f t  veloci ty  exceeds the  sonic veloci ty  might not 
be a s  high as expected on the  basis of t he  electron-phonon in te rac t ion  
alone. 
Thus even though a high attenuation might 
It is  the  purpose of t h i s  research program t o  invest igate  
the  various sources of attenuation i n  111-V semiconductor c rys t a l s  
and t o  invest igate  under what conditions amplification i s  possible.  
I n  t h i s  first quarter ly  progress report  we discuss the  experimental 
e f f o r t s  a t  obtaining at tenuat ion measurements i n  InSb a t  both 10 kmc 
and 10 mc frequencies. 
1. 10 kmc Phonons --
A. Crystal  A 
An Indium Antimonide single c r y s t a l  of the  highest pur i ty  
obtainable from Cominco Products, Inc . ,  was purchased and prepared 
f o r  a t tenuat ion measurements. The c r y s t a l  was an n type, boat-gram, 
zone ref ined c r y s t a l  (which we sha l l  r e f e r  t o  as c rys t a l  A) w i t h  a 
quoted c a r r i e r  concentration, 
'e 
t i o n  of t he  (111) axis  of the c rys ta l  t o  within - + 2 O  using a back 
r e f l ec t ion  Laue x-ray d i f f rac t ion  camera. 
t h e  c rys t a l  was then cut i n to  two 5/8" lengths w i t h  t he  cuts  p a r a l l e l  
t o  t h e  (111) planes. 
= 8.6 x 1013 and mobility Ne 
= 5.7 x 10 5 2  cm (vol t  sec)" a t  78°K. We determined the  orienta- 
Using an u l t rasonic  cu t t e r ,  
These lengths of c r y s t a l  were then cut i n t o  
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cyl indr ica l  rods 3 mm i n  diameter and 5/8" long again w i t h  the  u l t ra -  
sonic c u t t e r  maintaining t h e  - + 2' accuracy of alignment between the 
(111) axis  and the rod axis .  
wax i n t o  3.2 mm 
th ick  g lass  d isks .  
pol ish the  ends of t he  rods. 
used on the  disks during the  polishing operations t o  insure tha t  t he  
end faces  of the rods were held t o  within 6 seconds of paral le l ism 
which i s  equivalent t o  about 0.08 acoustic wavelengths i n  InSb . 
These rods were then mounted wi th  seal ing 
diameter holes i n  the centers  of 2 inch diameter, 5/8" 
These d i sks  were then op t i ca l ly  polished so as  t o  
Optical interferometer methods were 
The rods thus obtained from c rys t a l  A were t r ied  f o r  acoustic 
propagation of longi tudinal  waves a t  10 kmc by several  transducer 
methods. None of them were successful i n  obtaining any detectable 
acoust ic  propagatfon through the crys ta l .  
t o  perform a l l  of these t e s t s  i s  i l l u s t r a t e d  schematically i n  Fig. 1. 
A l l  t h e  experiments a re  done i n  l iqu id  helium i n  order t o  minimize 
lo s ses  due t o  sca t t e r ing  from thermal phonons. 
pulsed var iable  frequency magnetron whose energy is  passed through 
a var iab le  a t tenuator  and then down a s t a i n l e s s  s t e e l  waveguide i n t o  
a tunable reentrant  cavi ty .  This cavity has a hole a t  the  post end 
a s  shown i n  Fig. 1 where an x-cut quartz rod i s  inser ted  t o  serve a s  
a p iezoe lec t r ic  transducer, converting the  microwave electromagnetic 
energy i n t o  longi tudinal  acoustic waves i n  the  quartz.  The acoustic 
wave then t r ave l s  through the  quartz t o  the quartz-InSb bond where 
some of the  acoust ic  energy is ref lected and some i s  transmitted i n t o  
the  InSb. Another quartz rod i s  attached t o  the other end of the 
The basic  equipment used 
The system uses a 
' FERRITE REFLECTED CHANNEL 
CIRCULATOR 
DETECTOR 
b -0-1 LOCAL OSCILLATORI Variable Power and Frequency P 
I DETEC~H Video 
To crys ' t a l 7  hj-From Crystal 
LIQUID HELIUM 
CRYOSTAT 
FROM MICROWAVE 
GENERATOR 
I 
U 
TO 
1- MICROWAVE 
- REENTRANT 
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SIMPLIFIED SCHEMATIC DIAGRAM OF MICROWAVE 
PHONON GENERATING AND DETECTING EQUIPMENT 
Fig. 1 
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InSb and inser ted i n t o  another ident ica l  reentrant resonant cavity t o  
convert t he  acoustic wave by t h e  inverse piezoelectr ic  effect i n t o  a 
detectable microwave s ignal .  
t o  detect  t h i s  s ignal .  It can a l s o  be switched over t o  one arm of a 
f e r r i t e  core c i rcu la tor  on the  input waveguide t o  detect  the  s igna ls  
which correspond t o  acoustic waves re f lec ted  back t o  the  t ransmit t ing 
cavity.  A standard s ignal  generator i s  a l so  fed i n t o  the receiver  i n  
order t o  ca l ibra te  t he  detected signal strengths.  
A superheterodyne receiver system i s  used 
The first method attempted involved the  use of two quartz 
transducers on e i t h e r  end of t he  InSb rod. 
had been found very successful for ul t rasonic  propagation i n  bonding 
t e s t s  between two quartz rods ( resu l t ing  i n  nearly lo s s l e s s  bonds) 
consisted of pressing the  two polished surfaces together without any 
bonding agent between the  surfaces but with a r ing  of Epoxy cement 
around the  jo in t  a s  i l l u s t r a t e d  i n  Fig. 2a. This f a i l e d  i n  bonding 
quar tv  t o  InSb since the  differences i n  coeff ic ients  of expansion 
caused the InSb t o  break each time. 
A method of bonding which 
* 
The second method involved an attempt t o  overcome t h i s  
d i f f i c u l t y .  A s  i s  shown i n  Fig. 2b, a frame of Titanium was constructed 
such t h a t  it was glued t o  the  sides of the  quartz transducers but not 
t o  t h e  InSb. 
held onto t h e  InSb under pressure. 
f a c t  t h a t  i t s  coeff ic ient  of expansion l i e s  between t h a t  of quartz ( i n  
the  x-direction) and InSb. 
The frame was glued on while t h e  quartz transducers were 
The choice of Titanium lay  i n  the  
Thus by adjusting the  length of the  Titanium 
* Hysol Epoxy Patch K i t .  
Epoxy Cement 
Epoxy around joint but not between surfaces. 
Titanium frame holds rods together with no 
epoxy bitween the rod surfaces. 
Epoxy Cement 
quartz 4 InSb 
Epoxy between the surfaces. 
Fig.2 TRANSDUCER BONDING METHODS 
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frame r e l a t i v e  t o  the  InSb and the  quartz it i s  possible t o  match the 
t o t a l  contractions of the  frame and the  rods. No transmission of 
u l t rasonic  waves through the InSb c rys t a l  was observed i n  t h i s  t e s t  
although the equipment was working qui te  wel l .  
a whole s e r i e s  of re f lec ted  echoes from the  t ransmit t ing cavi ty  indica- 
t i n g  t h a t  everything was working properly on up t o  t h e  quartz-InSb 
in te r face .  Similarly the receiving cavity was switched over t o  serve 
as  t ransmit t ing cavity and s imilar ly  a s e r i e s  of echoes was observed 
although no t ransmit ted pulses were detected. Thus the  sound was 
highly attenuated e i t h e r  i n  t h e  bonds or  i n  the  InSb i t s e l f .  The 
s e n s i t i v i t y  of the system i s  such t h a t  t h i s  represents a m i n i m u m  
a t tenuat ion of 40 db i n  the  InSb and/or bonds. 
The receiver  detected 
The t h i r d  method consisted of straightforward bonding of InSb 
t o  quartz using a very t h i n  f i lm of Epoxy Cement between the  surfaces 
as  i l l u s t r a t e d  i n  Fig. 2c. Th i s  method has a l s o  proved successful 
f o r  near l o s s l e s s  transmission of 10 kmc phonons i n  bonding t e s t s  w i t h  
two quartz rods (Fig. 3 ) .  
second method and again no acoustic transmission was observed through 
The same procedure was followed as i n  the 
InSb . 
The fourth method amounted t o  simply inser t ing  the  InSb 
rod d i r ec t ly  i n t o  the reentrant  cavity, doing away wi th  both quartz 
transducers.  
p iezoe lec t r ic  coeff ic ient  of InSb would be la rge  enough tha t  it could 
a c t  a s  i t s  awn transducer.  
any bonding problems. 
This attempt was based on the  poss ib i l i t y  t ha t  the  
This has t he  advantage of not involving 
However, even though InSb lacks a center of 
Transit time of the sound waves in the quartz crystals. 
a =2.6 microseconds 
b =2.2 microseconds 
I 
1 
I I  I l l  I I  
8 7  6 5 4  3 2  
TIME SCALE 2psec/cm 
I 
1 
I I I  I I  
654 3 2  
TIME SCALE 2psec/cm 
Transmit and receive 
at B end II I 
1. 2 b  = 4 . 4 p s e c  
2. 4 b  = 8 .8psec  
3. 2 b  + 2 a  = 9.6psec 
4. 6b  =13.3psec 
5. 4 b  + 2 a  =14.0psec 
6. 2 b + 4 a  =14.8psec 
7. 8 b  = 17.6psec 
8. 6 b  +2a  = 18.4psec 
II II Transmit into B end 
Receive a i  'h" end 
1. b +  a = 4 . 8 p s e c  
2. 3 b  + a = 9 . 2 p s e c  
3. b + 3 a  =IO.Opsec 
4. 5 b  + a = 13.6psec 
5. 3 b + 3 a  = 14 .4psec  
6. b + 5a =15.2psec 
NOTE: The starting time of both traces does not show. 
The trailing edge that shows in both pictures is the 
trailing edge of the leakage pulse from the transmitter. 
SOUND WAVE ECHOES IN BONDED QUARTZ CRYSTALS 
F i g .  3 
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inversion symmetry and i s  therefore expected t o  be piezoelectr ic ,  t h e  
binding is  largely covalent and one expects t he  piezoelectr ic  coeff ic ient  
t o  be small. 
observed i n  t h i s  t es t .  
No transmission or  re f lec t ion  of acoustic waves was 
B. Crystal  B - 
The lack of a detectable transmitted s ignal  i n  the second 
and t h i r d  methods l ed  us t o  suspect t h a t  perhaps the  bonds were not 
a t  f a u l t  but t h a t  the s ignal  was highly attenuated i n  the InSb. In  
order t o  be s a t i s f i e d  tha t  w e  were not suffering ser iously from off 
axis  propagation5 due t o  poor alignment of the (111) axis  and the 
polished surface normal (+ 2'), we decided t o  make a bet ter  alignment. 
We therefore  obtained another boat grown InSb c rys t a l  referred t o  a s  
crystal B which had a quoted car r ie r  concentration, Ne = 8 . 4  x 
and mobility p = 5.0 x 10 cm (volt sec) a t  7 8 O K .  5 2  -1 e 
The method used t o  obtain b e t t e r  alignment involved t h e  
use of a precision x-ray spectrogonimeter shmn i n  Fig. 4. 
were collimated onto the  end of the InSb rod and the detector collimator 
was ro ta ted  t o  the  correct posit ion t o  pick up the  first Bragg angle 
sca t te r ing  of t h e  copper Ka l i n e  from (111) planes i n  InSb. 
meter holding the  c rys t a l  was then ro ta ted  through i t s  two degrees of 
freedom t o  maximize the  x-ray counts i n  the  geiger tube. 
t h e  (111) axis  as the b isec te r  o f t h e  source and detector collimator 
angle. Then the x-ray tube was removed from i t s  locat ion behind the  
The x-rays 
The gonio- 
This  established 
. ! ,  
Fig. 4 - X-ray spectrogoniometer w i t h  c r y s t a l  i n  place. 
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source collimator and replaced by a l i g h t  source. A photomultiplier 
tube was placed behind the  detector coll imator instead of the  geiger 
tube. The c rys t a l  goniometer was again ro ta ted  through i ts  two 
degrees of freedom u n t i l  the  l i g h t  col lected from specular r e f l ec t ion  
from the  polished surface was a m a x i m u m .  The differences between the  
two s e t s  of readings on the  c rys ta l  goniometer represented the angular 
deviation, 6, between the  (111) axis and the  surface normal. 
The InSb rod w i t h  i t s  glass d i sc  was then removed from the  
spectrogoniometer and repolished t o  remove t h i s  angular difference.  
The e n t i r e  process was again repeated u n t i l  6 was l e s s  then 3 minutes 
of a r c .  F ina l ly  the  reverse end of t he  rod was polished by the  method 
described e a r l i e r  using op t i ca l  interference t o  make the  reverse end 
p a r a l l e l  t o  t he  other end t o  within 6 seconds of a rc .  
Two t e s t s  of c rys t a l  B using the t h i r d  transducer method 
described f o r  c rys t a l  A were performed w i t h  equally negative r e s u l t s .  
I n  t h e  second t e s t  a voltage pulse was applied across the  InSb during 
the  micruwave pulse i n  the  hope of amplifying any s igna l  if it were 
present.  I n  order t o  expect any amplification the  electron d r i f t  
veloci ty ,  vD, produced by the  applied voltage pulse must exceed the  
sonic  veloci ty  v i n  InSb. Since v = 3.88 x 10 cm/sec i n  InSb 
5 we attempted t o  apply a voltage pulse such t h a t  v D = 2vs = 7.76 x 10 
cm/sec. To estimate the  voltage required we must obtain t h e  mobility 
5 6 
S S 
a t  4'K. 
Hal l  coef f ic ien t  changes very l i t t l e  from 7 8 O K  t o  b°K and the conductivity 
goes down by a f a c t o r  of 33. 
According t o  data presented by H i l s u m  and Rose Innes',  t he  
Thus the  mobility should go down by the  
4 same fac to r  and we would expect therefore a mobility p 
cm2 (vol t  sec)” a t  4OK. Thus E = 
45 v o l t s  across a sample 0.86 Cm long. 
yielding a resis tance of 601-1 f o r  the 3 mm dia rod. 
not agree with the  values which we obtained when we applied pulses t o  
t h e  c rys t a l .  
res i s tance  of about 100,000n (which was not present i n  t h e  range 
77OK - 3OOOK) .  
down and the  res i s tance  dropped t o  1 ohm such t h a t  up t o  80 v o l t s  the 
res i s tance  remained a t  t h i s  value. The leads had been soldered wi th  
pure Indium using ruby f l u x  after cleaning the  contact area w i t h  f i n e  
sandpaper. 
= 1.5 x 10 e 
= 32 volts/cm requir ing a b u t  
The r e s i s t i v i t y  would be 4.9 Rcm 
vo/pe 
These values do 
With pulses below 10 vo l t s  there  was an apparent contact 
However above 10 vo l t s  t h i s  contact res i s tance  broke 
The above mentioned experiments have l e f t  a number of 
unanswered questions which w e  a r e  attempting t o  understand. 
The success of the bonding techniques w i t h  quartz  t o  quartz  
bonds leads us t o  suspect t ha t  the  lack of observed acoustic propagation 
i n  InSb i s  cha rac t e r i s t i c  of the  InSb i n  some way. 
a r i s e s  t h a t  there  i s  considerable sca t te r ing  from grown-in dis locat ions.  
Therefore we examined samples from c rys t a l  B f o r  dis locat ions.  
was done using a standard etchant solution, CP4A (3 pa r t s  48% HF, 
5 p a r t s  68% HNO 
was long enough t o  e tch away completely any surface dis locat ions 
a r i s i n g  from abrasion, showing only the grown-in dis locat ion etch p i t s .  
A density of 10 /cm was observed (Fig. 5a). 
The poss ib i l i t y  
This  
and 3 pa r t s  g lac ia l  CH BOOH) f o r  10 seconds. Th i s  3 3 
6 2  
- ‘I 
6 2  a - Crystal  B, 10 /cm 
b - Crystal  C, 45/cm 2 
F ig .  5 - Dislocation etch p i t s  produced i n  InSb c rys t a l s  using CP4A 
etchant for 10 secs.  Magnification 625x. 
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C .  C r p t a l  C -- 
Although it possible t o  zone r e f ine  a boat-gram c r y s t a l  t o  
a higher pur i ty  than a pulled c rys t a l  t he  boat-grown c r y s t a l  tends t o  
have a much higher dis locat ion density. It was therefore  decided t o  
obtain a c rys t a l  which was grown by the Czochralski pu l l ing  method. 
T h i s  c rys t a l  w i l l  be re fer red  t o  as c rys t a l  C .  
values of N = 3.5 x 10 and p = 5 x lo5  a t  78°K. The same etchant 
was used f o r  10 seconds on c rys t a l  C as  on c rys t a l  B and the  photo of 
some of the  resu l tan t  e tch p i t s  i s  shown i n  Fig. 5b. The density 
measured was 45/cm . If the  high attenuation was due t o  the high 
dis locat ion density, then t h i s  c rys ta l  should be much b e t t e r .  This  
c r y s t a l  i s  being cut, al igned and polished i n  the same manner as 
c r y s t a l  B and the same t e s t s  w i l l  be performed. 
Crystal C had quoted 
14 
e e 
2 
I n  order t o  b e t t e r  understand what was happening a t  4'K 
when a voltage pulse was applied, measurements of t he  Hall  coeff ic ient  
and r e s i s t i v i t y  w i l l  be made i n  l iqu id  helium. 
were made here a t  300°K and a t  77°K but the high contact res is tances  
a t  4 O K  made the measurements meaningless a t  t h a t  temperature. 
u l t rasonic  soldering i ron  is  being purchased i n  order t o  make b e t t e r  
ohmic contacts f o r  these measurements. 
These measurements 
An 
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2. 10 mc Phonons 
Equipment has now been se t  up f o r  measurements of propagation 
of longi tudinal  waves i n  InSb. Preliminary measurements have been 
made a t  300'K shuwing an attenuation of 0.54 db/cm i n  c r y s t a l  C .  
attempt was made t o  measure the attenuation a t  7 7 @ K  but the  transducer 
bond broke before any measurement could be made. Huwever, it was 
evident before the  bond broke, t ha t  the  at tenuat ion was much less than 
a t  300'K. 
An 
No re-run had been made before t h e  wri t ing of t h i s  repor t .  
Preparations are under way t o  apply a voltage across the  
InSb during the LO mc pulse t o  look f o r  changes i n  a t tenuat ion wi th  
voltage.  A complete description of t he  equipment used for  these 
measurements w i l l  be given i n  the  next quarter ly  progress report .  
- 11- 
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